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The first string of the neoteric high energy neutrino telescope IceCube successfully 
began operating in January 2005. It is anticipated that upon completion the new de- 
tector will vastly increase the sensitivity and extend the reach of AMANDA to higher 
energies. A discussion of the IceCube's discovery potential for extra-terrestrial neu- 
trinos, together with the prospects of new physics derived from the ongoing AMANDA 
research will be the focus of this paper. 

Preliminary results of the first antarctic high energy neutrino telescope AMANDA 
searching in the muon neutrino channel for localized and diffuse excess of extra- 
terrestrial neutrinos will be reviewed using data collected between 2000 and 2003. 
Neutrino flux limits obtained with the all-flavor dedicated UHE and cascade analy- 
ses will be described. A first neutrino spectrum above one TeV in agreement with 
atmospheric neutrino flux expectations and no extra-terrestrial contribution will be 
presented, followed by a discussion of a limit for neutralino CDM candidates anni- 
hilating in the center of the Sun. 

1. PHYSICS GOALS 

The AMANDA neutrino telescope was primarily designed to search for extra-terrestrial 
high energy (HE) neutrinos in quest of the mysterious origins of the HE cosmic rays (CR). 
The occurrence of electronic acceleration up to about 100 TeV has been demonstrated in 
SNR, nevertheless, multiwavelength studies have not established that they may accelerate 
nucleons as well. 

Conventional astronomy is continually revealing an ever richer sky at TeV energies, pow- 
ered by astronomical objects such as AGN or SNR and has shown that the cataclysmic 
GRB phenomena are quite common in the universe. It is postulated that these objects are 
hadronic accelerators and may therefore be at the origin of the CR's, up to the highest ener- 
gies. Most likely, the interaction of these accelerated particles with the proton environment 
and the surrounding radiation field results in the production of a secondary HE v flux. The 
discovery of a positive signal through the exploration of the neutrino sky would provide an 
unambiguous signature and begin to resolve a 100 year old controversy. 

From the astrophysical perspective, neutrinos provide access to the distant HE sky, un- 
available to photons which interact with the IR background at TeV energies and with the 
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CMBR around 1 PeV, reducing their path from the edge of the Milky Way. Also, charged 
cosmic rays are astronomical messengers (i.e. pointing back to their sources) improving with 
a rigidity increase, but which undergo an energy damping above ~ 10 19 ' 5 eV/nucleon due to 
CMBR photopion production over cosmologically short distances (<50 Mpc). 

In the past years, AMANDA has lowered the upper limits of an extra-terrestrial HE v 
flux, with no positive signal yet. This is why the IceCube project was born. There are 
strong arguments in favor of building a magnified version of AMANDA-II. First, there are 
guaranteed neutrino sources: the extra-galactic CR interacting with the CMBR produce of 
order of 1 event/yr/km 2 , the galactic CR interacting with the ISM in the disk produce an 
observable flux. Furthermore, a CR excess mostly from the Cygnus region and from the 
galactic center around 10 18 eV hints at in-flight decay of neutrons primaries after a typical 
path of a few kpc, producing an observable z/ e -flux [1]. Second, H.E.S.S looking at the TeV 
SNR RX J1713. 7-3946 has demonstrated a clear increase of the flux in the directions of 
molecular clouds [2], suggesting they may be targets for accelerated protons [3]. In this 
case, we could expect 20 z/ M /yr/km 2 . Third, if we consider transparent sources (from which 
neutrons and pions can escape) and the extra-galactic CR energy density (from the observed 
CR flux above the knee) , the neutrino spectrum can be derived [4] leading to an observable 
flux in IceCube but not in AMANDA-II. Finally, various models for extra-galactic and 
galactic point-like emitters predict a signal within reach of the IceCube detector [1, 5, 6]. 
The case of HE neutrino physics potential has been described in more details in e.g. [7]. 

The sensitivity of the IceCube detector upon completion is expected to improve by about 
one order of magnitude over current limits within three years and will be well below the 
Waxman-Bahcall upper bound. This may truly open a new window on the universe. 

As a bonus, the HE atmospheric neutrino statistics which will be accumulated over the 
years with IceCube will offer us particle physics opportunities within and beyond the SM, 
this will be discussed in section 4. 

2. THE AMANDA AND THE ICECUBE NEUTRINO TELESCOPES 

The AMANDA-II detector consists of an array of 677 photomultipliers, arranged on 19 
strings, instrumenting a cylindrical volume with an outer radius of 100 m, buried in the ice 
under the geographic South Pole. The detector has been in operation since 2000. At the 
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deployment depths between 1.5 and 2 km, the ice is clear and the secondary muon intensity 
originating in cosmic air showers in the atmosphere is reduced by a large factor. Nevertheless, 
it still constitutes the major experimental background, triggering AMANDA at a rate of 
about 60 Hz. The 10 inner strings, arranged on a cylinder with a 60 m radius, is called 
AMANDA-BIO and was completed in 1997 [8]. The proof of principle was demonstrated in 
observing atmospheric neutrinos [9] at the expected levels. 

Events are reconstructed [10] by measuring the arrival time of Cerenkov light propagating 
in the transparent medium, emitted by either crossing relativistic (neutrino-induced) muons 
or by showers resulting from neutral current interactions for all three neutrino flavors, v e , 
Vn and v T and from u e and v T charged current interaction (referred to as the cascade channels 
in the following). AMANDA is therefore sensitive to all three neutrino flavors, which is im- 
portant in the context of neutrino oscillations, as we expect all three flavors to be populated 
equally z/ e :z/ M :z/ r =l:l:l after traveling cosmological distance from their source (z/ e :z/ At :z/ r =l:2:e, 
e < 10~ 5 is expected from an hadronic accelerator) [11]. The neutrino-induced muon chan- 
nel and the cascade channels have different specificities and are then complementary: while 
muon tracks are reconstructed with an incidence direction resolution A^/ fa 2.5°, cascade 
events are reconstructed with a better energy resolution Alog-E~15%. 

Analyses with AMANDA are facing various sources of systematic errors. They origi- 
nate in uncertainties concerning the ice properties, the absolute detector sensitivities and 
the primary CR ray spectrum normalization and its exact composition. Specifically, UHE 
AMANDA analyses must also account for the uncertainties in neutrino cross section and 
muon propagation. 

IceCube's first string was successfully deployed at a maximal depth of 2.45 km under 
the South Pole ice cap in January 2005. The observatory will eventually consist of an 
array of 80 strings encompassing the existing AMANDA-II detector. The one km long 
strings will be equipped with 60 digital optical modules each, arranged in the knots of a 
triangular lattice with 125 m edge in a one km 3 hexagonal volume. This is more than 
two orders of magnitude larger than AMANDA-II and prospect analyses results [12] show 
that the sensitivities will be rescaled by roughly the same factor, with a slightly shifted 
energy threshold though (E v ~ 100 GeV), due to a sparser instrumentation of the volume. 
Sensitivities in all detection channels will extend to higher energies and neutrino signals 
will be probed up to E v > 10 EeV. Events will be identified in the cascade channels above 
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10 TeV with the exciting possibility of observing double bang z/ T -events around one PeV. 
We will report more precisely on the neutrino-induced muon channel later and discuss the 
discovery potential of IceCube (section 4). The trigger rate is expected to be around 1700 
Hz, while atmospheric neutrino-induced muon events will be recorded at the pace of 300 per 
day, with an improved angular accuracy A^<1° compared to AMANDA-II capabilities. 

On top of each IceCube string, at the surface, elements of the IceTop array are being 
deployed. It will eventually consist of 160 ice Cerenkov detectors and will allow the detection 
of air showers at energies above ~ 1 PeV. This will not only facilitate the IceCube background 
rejection, but will also enable precise composition studies of the charged CR spectrum in the 
knee region. 

3. RESULTS FROM AMANDA 

We focus in this section on recent results from searches for an extra-terrestrial neutrino 
flux, from individual point-like emitters and from a cosmological distribution of unresolved 
weaker sources. 

3.1. Searches for an extra-terrestrial diffuse neutrino flux 

The underlying theoretical models for diffuse HE v flux are often linked to the UHE CR 
flux [4, 13, 14], from which neutrino flux upper bounds are derived providing benchmarks 
for our searches. These analyses aim at finding global excess, exploiting an expected harder 
extra-terrestrial neutrino spectrum (d§/dE~E~ a , a:~2) in comparison to the steeply falling 
atmospheric neutrino background (a — 3.7). They critically depend on detector simulation 
closely matching the experimental data. All detection channels are available to perform these 
searches, providing an internal cross check of our results. Below final and preliminary results 
are presented, 90% C.L. upper limits and sensitivities will be quoted using the all-flavor 
scheme (the total neutrino flux at Earth in our results assuming z/ e :z/ M :z/ r =l:l:l, u/u = 1) 
and assuming E~ 2 benchmark neutrino spectral shapes. The next two results are quickly 
summarized, as they have been previously discussed in some detail in [15] and corresponding 
papers are now available [16, 17]. We then exhibit the first muon neutrino spectrum above 
one TeV and extract from it an upper limit for an extra-terrestrial flux. 
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A search for an UHE extra-terrestrial neutrino flux using AMANDA-BIO '97 data set 
yield an all-flavor limit [16]: 

E 2 V ^ = 0.99 • lO^GeVcnrW -1 , 1 PeV < E v < 3 EeV. (1) 
dE u 

In this range of energy, because of the rise of the neutrino cross sections, events concentrate 
near the horizon and illuminate the whole detector. Therefore new selection techniques were 
developed, in order to discriminate neutrino events from the HE atmospheric background. 
This analysis has shown similar sensitivity to all three neutrino flavors, although slightly 
higher for muon neutrinos, as shown in Fig. 1. 

A search in the cascade channels, using the 2000 AMANDA-II data set [17] has lead to 
an all-flavor upper limit: 

El ^ = 0.86 • 10~ 6 GeV cm" 2 s" 1 sr" 1 , 50 TeV < E v < 5 PeV, 
dE v 

extracted from the effective area plot shown in Fig. 2. The analysis demonstrated the all- 
flavor capabilities of the AMANDA-II detector, showing similar sensitivities in all three 
flavors. Based on the neutrino effective area of a specific analysis, the relevance of specific 
models can be assessed for an arbitrary spectral shape. This particular search did exclude 
various models according to the model rejection factor /i9o%/^modci [18]. /xgo% is the upper 
limit on the number of signal events, including the background and the systematic uncer- 
tainties and n mo dei is the average number of signal events expected for a differential neutrino 
flux, described by d&^ odcl /dE Ua /dQ. n mode i is calculated according to 

n mod ei= Yl T ^ / A^(E Va ,5)^^dE^dQ, (2) 

in which T\a e is the detector lifetime. The integral over dfl contributes a factor 4n in this 
specific analysis because an isotropic diffuse flux is assumed (the dependency of A^(E Ua ,5) 
on the declination S is irrelevant in this specific diffuse flux search analysis). Specific models, 
P p7 [19] and MPR [13] were not discarded by the results of this analysis. However, we 
show now that the P p7 hypothetical neutrino flux model does not survive the preliminary 
results of a 4-year combined prospective analysis. 

The preliminary result of a combined 4-year analysis of data collected between 2000 
and 2003, encompassing 807 days of detector lifetime and conducted in the muon neutrino 
channel sets an all- flavor sensitivity [20]: 

El^ = 3.3 • 10~ 7 GeV cm" 2 s" 1 sr" 1 , 16 TeV < E u < 2 PeV. 
dE v 
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The number of experimental neutrino-induced muon events which has been observed is 6 
with an expectation of 9.7, yielding an upper flux limit of: 

= 1.29 • lO^GeVcm^s^sr- 1 , 16TeV < E v < 2PeV. 

aE v 

These results do not however include sources of systematic errors and should be cautiously 
appreciated at the moment. This upper flux limit is approximately half an order of magni- 
tude above the WB upper bound and, if confirmed, rules out P p7 and the most optimistic 
MPR diffuse neutrino flux models. 

The preliminary result from an UHE analysis with AMANDA-II, from data collected in 
2000, sets an all-flavor sensitivity [21]: 

El^ = 3.8 • lO^GeVcnrW- 1 , 180 TeV < E v < 1.8 EeV 
dE u 

By combining 5 years of data, the upper flux limit is expected to be further constrained: 

El^ = 0.93- lO^GeVcnr^sr- 1 , 180 TeV < E v < 1.8 EeV. 

aE v 

We will now discuss a different approach in our search for an extra-terrestrial diffuse 
excess. Using the data collected between 2000 and 2003, the atmospheric muon neutrino 
spectrum has been reconstructed above one TeV, shown in Fig. 3. To take the finite detec- 
tor energy resolution into account, the spectrum has been unfolded, using a regularization 
procedure to cope with the low statistics in the HE bins. The method used to determine 
a possible extra-terrestrial contribution is the following: from a set of generated E~ 2 sig- 
nal spectra, the neutrino event distributions (after regularized unfolding) in each individual 
bin are constructed for various flux strengths. Now, we consider various energy ranges. An 
upper limit can be calculated, using Feldman-Cousins unified scheme [22], from the distribu- 
tions of the integrated number of MC signal events and the corresponding number of events 
in the experimental spectrum. The best all-flavor limit to an extra-terrestrial contribution 
that we obtain is [23]: 

E 2 ^ = 7.8 • lO^GeVcm^s^sr- 1 , 100 TeV < E v < 300 TeV. 
dE u 

This HE muon neutrino spectrum offers other physics opportunities mentioned in section 4. 
Results of these various diffuse neutrino analyses are summarized in Fig. 4. 
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3.2. Searches for localized neutrino flux excesses 

This section briefly illustrates analyses searching for a statistical excess originating in 
narrow regions of the northern sky. These analyses are exclusively conducted in the muon 
channel, because of its better pointing resolution. The sensitivities of these analyses are 
optimized by taking advantage of the experimentally observed off-source detector response 
which defines the background. 

3.2.1. Searches for steady point sources in the northern sky 

The sensitivity to point sources has been increased by a large factor in the recent years, 
using the growing set of accumulated AMANDA data, profiting from consequent develop- 
ments in the analyses methods and an improved understanding of the detector. Previous 
analyses [27-29] demonstrated the course of these progresses. The preliminary results [30] 
from a combined 4-year point source search show a rather uniform sensitivity w.r.t. the 
declination 5, also remarkably close to the horizon (Fig. 5, left). The declination averaged 
sensitivity is 

E 2 V 0.7- l(T 7 GeV cm^s" 1 , 90%C.L.. 

The muon neutrino effective area A v eQ shown on the right of Fig. 5 allows us to calculate 
the limit for an arbitrary flux spectrum according to eq. 2 (with A^(E Ua ,5) — 0, a — e, r). 
The final neutrino sample consists of 3329 up-going neutrino-induced muon tracks, at an 
estimated 90% purity level. Two approaches have been considered in order to study the 
event clustering: a search in the whole northern sky and a search on 33 preselected point 
source candidates, believed to be hadronic accelerators. This two approaches differ by 
their associated trial factor, which is taken into account when calculating a possible excess 
significance. No statistically significant departures from the null signal hypothesis have been 
found. The preselected source sample results are summarized Table 1. 

3.2.2. Search for a solar neutralino dark matter annihilation signature 

One of the most urgent cosmological problem comes from the non observation of ~80% 
of the matter content of the universe. This DM question can be explored with HE neutrino 
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telescopes, in the case of non baryonic CDM in the form of the lightest neutralino in the 
MSSM framework: neutralinos in the halo scattering off ordinary matter may eventually 
be gravitationally trapped in macroscopic objects. Subsequent scatterings then reduce their 
velocity resulting in their accumulation over astronomical times in the core of these objects, 
where they annihilate pairwise producing neutrinos that can be detected. AMANDA-BIO 
has performed indirect searches for non baryonic CDM, from the center of the Earth [31]. 
The improved reconstruction capabilities of AMANDA-II for nearly horizontal tracks allows 
a similar search for CDM from the Sun. During 143.7 days of the detector lifetime 2001, 
the Sun was located below the horizon. A solar neutralino WIMP analysis has recently been 
completed [32]. The exclusion limit, shown in Fig. 6, is slightly above the level of direct CDM 
search experiments [33]. Once a few years of data has been cumulated, the WIMP sensitivity 
is expected to explore the MSSM parameter space close to the reach of the current direct 
CDM search experiment. Nevertheless, it must be stressed that nuclear recoil and indirect 
CDM search experiments are not equivalent. In the case of an unevenly distributed CDM 
halo throughout the galaxy, the latter have a detection potential which remains intact, which 
renders these indirect searches interesting. Moreover, solar spin dependent scattering cross 
sections could significantly enhance the trapping rate of neutralinos. It is worth mentioning 
that IceCube with a gain of about one order of magnitude in sensitivity will be able to cover 
a large unexplored region of the MSSM parameter space. 



3.3. Other physics analyses 

Not all analysis topics in progress have been covered here. Notably: 

- The CR composition, studied using data from AMANDA-BIO and including SPASE-2 
information, is discussed in [34]. 

- A stacking AGN point source analysis will be completed shortly, which consists of a 
selection of various source samples, belonging to different phenomenological classes, char- 
acterized by their morphology, their luminosity and their spectrum. Preliminary results, 
using the 4-year combined point source sample, did not show any significant deviations over 
background expectations [35]. 

- A search for transient point sources is in progress. It consists in a selection of potential 
candidates for hadronic acceleration, based on the exceptional variability of their multi- 
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wavelength spectra, as observed with conventional astronomy. This enhancement could be 
correlated with periods of enhanced neutrino emission. Preliminary results [36] did not reveal 
any excess so far. 

4. PHYSICS PROSPECTS WITH ICECUBE 

IceCube will reach unmatched sensitivities in searching for extra-terrestrial HE neutrinos, 
according to the detailed simulation 1 results of prospective analyses in the neutrino-induced 
muon channel [12]. This is reported in the next two sections. IceCube will also collect a set 
of the order of one million neutrinos over 10 years, in the range 100 GeV< E v < 10 PeV. 
This powerful HE v beam, through the study of its energy and angular distribution, will 
allow for instance to calibrate the detector, to determine (or set upper limits to) the HE 
charmed particle production cross sections [37] and to probe physics beyond the SM, as e.g 
non standard (exotic) neutrino oscillation scenarios. 

4.1. Diffuse extra-terrestrial flux sensitivity 
After 3 years of operation, IceCube is expected to reach an all-flavor sensitivity of 

El-^- = 4.2 • lO^GeVcnrW- 1 , 100 TeV < E u < 100 PeV, 90%C.L., 
dE v 

more than half an order of magnitude below the WB upper bound (see Fig. 4). This will allow 
us to confront the predictions from more conservative models of hadronic acceleration [4, 
13, 14] 2 . 

4.2. Point source flux sensitivity 

The all-flavor point source sensitivity after 3 years of data taking, will be at the level 
d$ 

E 2 U = 7.2- lO^GeVcnrV 1 E > 5 TeV, 90%C.L., 

1 Using the AM AND A- II MC. However, the hardware performance of IceCube is expected to be better: 
background rejection, HE reconstruction and angular resolution will probably be significantly improved. 

2 Conservatively assuming RQPM [38] HE atmospheric neutrino background flux from prompt decays, 
instead of the standard TIG pQCD [39], in which case our limit would improve by factor two. 
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This cannot be simply compared to the AMANDA-II 4-year combined analysis, because of 
the different energy threshold of the analyses. But, if we restrict ourselves to the assump- 
tion of a E~ 2 benchmark spectrum with energies above ~1 TeV, this represents a gain in 
sensitivity by more than one order of magnitude, in reach of various model predictions (see 
Introduction). Fig. 7 shows that already at "low" energy, 100 GeV< E <1 TeV, the effective 
area reaches 0.6 km 2 . Above 10 PeV, the Southern sky is opening and the galactic center 
can be probed with an effective area of as much as 0.5 km 2 . 



In a world with 5 + 4 dimensions, the Planck scale can be considerably lowered, down 
to the TeV-scale, solving the hierarchy problem, this huge existing gap between the Planck 
and the electroweak scales [40]. Phenomenology predicts in this case the copious production 
of micro black holes which democratically evaporate into SM particles [41]. In neutrino 
telescopes, distinct signatures in energy and angular spectra from the atmospheric ones 
could be expected. These prospects have been studied in detail in [42], profiting from the 
UHE neutrino fluxes, guaranteed cosmogenic [43] or presumed (WB [4]). 

In the case of a violation of the equivalence principle (non universal coupling of neutrino 
flavors to gravity) or of the Lorentz invariance (flavor-dependent maximal attainable veloc- 
ities), the pattern of neutrino oscillations can be modified [44]: in addition to mass-induced 
oscillations, other HE oscillations induced by "new physics" could be present. Consider 
the oscillation probability, in the case of mass eigenstates coinciding with "new physics" 
eigenstates: 



It is immediately apparent from the second argument of eq. 3 that the mass term is strongly 
suppressed at HE. Prospects using HE atmospheric neutrinos collected after 10 years of 
IceCube have been studied in [45]: clear signatures up to relative violation effects at the 
A5 < 10~ 28 level, well beyond the reach of other detectors (AS < 10~ 26 [46, 47] ) are visible 
by looking at the distortions of the angular and of the energy spectra, as compared to pure 
mass-induced oscillation expectations. 



4.3. Physics beyond the SM 




(3) 



12 



5. CONCLUSIONS 

AMANDA-II limits to an extra-terrestrial diffuse flux are tightening down close to the WB 
upper bounds leading to strong constraints on hadronic acceleration models. Searches for 
individual point sources of neutrinos have not revealed any excess so far, but our continually 
improving sensitivities may still divulge the first extra-terrestrial neutrinos, if so, IceCube 
would begin an era of precision measurements of the neutrino sky. If AMANDA-II does not 
discover point sources, IceCube will nonetheless contribute to particle physics within and 
beyond the SM, first extra-terrestrial neutrinos will be observed and it is likely, based on 
robust arguments reviewed here, that first sources will shimmer through IceCube. 
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Figure 1. MC results of the individual neu- 
trino flavor contributions for a UHE diffuse E~ 2 
neutrino flux at the quoted strength (eq. 1). 
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cascade analysis. 
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Figure 3. The AMANDA-II recon- 
structed HE neutrino spectrum. Results 
from the Frejus experiment [26] are also 
shown. The dotted curves are the pre- 
dictions for horizontal and vertical fluxes, 
parametrized according to Volkowa above 
100 GeV and Honda below 100 GeV [25]. 
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Figure 4. Diffuse point source flux summary. Lines labeled 1- 
4 are the upper limits from the '97 analysis [24], the '97 UHE 
analysis [16], the '00 cascade analysis [17] and resulting from the '00 
atmospheric neutrino spectrum [23]. Line 5-6 are the preliminary 
sensitivities from the '00 UHE analysis [21] and the AMANDA-II 
4-year combined i> analysis [20]. Line 7 shows the AMANDA-II 
projected sensitivity of a 5-year combined UHE analysis. Also shown 
the WB [4] and MPR [13] upper bounds and the flux predictions of 
"S&S" [14] and "MPR" models. 
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Figure 5. Preliminary results of the 4-year combined point source search. Left: sensitivity. Right: muon neutrino 
effective area (for various &). 
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Table 1. Preliminary results from the 4-year combined point source search for a selected sample of sources. 6, a, n ^ a and 
nt, are respectively the declination, the right ascension, the number of observed events and the expected background. $90% is 
the integrated flux upper limit above 10 GeV, assuming a spectral index a = 2 in 10 -8 cm -2 s _1 units. 
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Figure 6. M vs m x in AMANDA- II for vari- 
ous MSSM models satisfying 0.05<n/i 2 <0.2. Dots 
(crosses) are for models which are (not yet) ex- 
cluded. 



Figure 7. IceCube neutrino-induced muon 
effective area w.r.t. the declination, for various 
energy ranges. 



